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FRACTOGRAPHIC EVIDENCE AND STATISTICAL INFERENCE 
FOR THE CLEAVAGE FRACTURE MODELLING 

OF F82Hmod LOW ACTIVATION STEEL 

ABSTRACT 

New 7-1 0% Clr-WV‘l’a steels with reduced generation of long-lived radionuclides following neutron ir- 

nuclear fusiorl reactors. 111 particular, behaviour i n  tlle ductile-to-brittle trarlsition regime is of concern 
becausc: o r  tllr:  e x p e c k d  shift of the ductile-to-brittle transition temperature followiIlg neutron irradiation 
under in-sclrvice conditions. 

‘The paper clescribes the main results of fractographic investigations perforrrled w i t h  rlotched tensile 
specirnerls that were tested at temperatures of -150°C and -75°C and their relation with rlurnerical 
results for cleavage fracture parameters. 

A statistical evaluation of the Weibull stress at fracture was perforrrled following the guidelirles of the 
E,SIS PG-98 procedure. Using a rlovel statistical inference approach, cor~fiderlce intervals can be obtained 
for the distribution parameters of the Weibull stress without referring to questionable assumptions about 
the urlderlying statistical model. Identification of irlhornogerleities in the statistical data is possible and 
llillts 011 rcquired fractograpllic investigations for data validation are obtained this way.  ‘l’his is ~ ~ I I I ~ I I -  
strated using a specific set of results. 

c ~ c  1 ’ .  lation have bcer~ developed during the last years as candidate structural material for corrlporlerlts i n  

INTRODUCTION 

Ferritic-rnarterlsitic (FM) steels are candidate structural materials for a future fusioIl reactor. Re- 
duced activation (RA) rrlaterials have been developed within the frarrlework of the E.uropean Blanket 
Progra~rlrrie by specific reduction of radiologically unfavourable impurity elements. Additionally, radio- 
logically critical alloying elements (e.g. M O ,  Nb) which promote long term activation followirlg neutron 
irradiation have been substituted by elerrlents with favourable radiological properties (like W ,  V ,  Ta) 
and the Ni  content was kept at a low level. 

1 he ductile-to-brittle transition behaviour is of special C O I I C ~ ~ I I  in design considerations bec;~uso of 
the observed considerable shift of the ductile-to-brittle transition temperature (DBTT) towards higher 
temperatures under neutron irradiation. 

A fracture mechanics concept based on rnectlarlisrns of ductile or brittle failure behaviour is a11 important 
tool for the assessment of size and geometry effects, irradiation effects, and effects due to corrlplex 
rrlecharlical as well as therrnal loading conditions. It  is particularly r~ecessary for handling the problem 
of transferability of results fro111 laboratory experiments to coIrlpoIlerlt design as ~ l l  as the problerrl of 
the interpretation of results from srr~all specirrlen testing e.g. under irradiation conditions. 

First results of tlle characterization in the lower shelf regime based on tlle Local Approach rnethodology 
[ l ,  2, 31 were presented in [4]. 111 the present paper, emphasis will be put OII fractographic observatiorls 

I ,  



and statistical analysis of the cleavage fracture experiments. After a short description of the experimen- 
tal procedure and the rlurrlerical evaluation of the Weibull stress, results for diflerent notch geometries 
and terr~perature levels are given. Typical findings from rnetallographic irlvestigatiorls can explair~ rrlost 
of the rosults and give additional irlforrrlation wi th  respect to the fracture process. Trarlsrerability be- 
tween results has to be assessed by 111ea11s of cor~fiderlce bourlds. A novel approach is presented which 
was already applied within tlle E,SIS TC8 Numerical R O U I I ~  Robin on Micrornecharlical Models [S]. I t  
uses a Morlte Carlo simulation approach and can be used to generate cor~fider~ce bounds without re- 
ferring to distribution assumptions. Moreover the method which is known as bootstrap approach [6] 
permits assessment of tlle llornogeneity of experimental data which is demonstrated i n  a typical exarnple. 

MATERIAL AND EXPERIMENTAL PROCEDURES 

' 1 ' 1 ~  composition of the material is given i n  Table 1. The material is available in a reference heat 
treatrrlerlt condition ol 104O0c/38IIliII + 750"C/60rnin with a DBTT observed in Charpy V tests of 
about -70 to -50°C [7]. The rrlicrostructure is fully martensitic with a grain size of about 70prri and 
IIO significant diflerence in LT, LS and TS orierltation. 

'Fable 1: COhlPOSITlON (WT-%) OF  F82HhlOD; HEAT N O .  9741 

c 

2.00 0.02 0.001 <0.01 0.001 0.005 0.0002 <0.01 0.16 
W Ta Ti CO Sol. A1 T.N B Nb V 

<0.01 7.66 0.02 <0.01 0.002 0.002 0.16 0.11 0.09 
M O  Cr Ni  c u  S P MI1 Si 

Cylirldricd notched bar  specirrlerls wi th  a raw diameter of 10111rrl and a rrlirlirrlurrl diameter of $0 = 51rl1r1 
were fabricated from plates of 15mrrl thickness. The orientation of the specimen axis was perpendicular 
to the main rolling direction. Notches of 1, 2, and ~ I I I I I ~  radius were introduced and surface finish of the 
notches was achieved by polishirlg in axial direction. 

The tests were performed under displacement control with a crosshead speed of .5 r r m / r r l i r ~  and corltin- 
uous optical recording of the rrlirlirrlurrl notch diameter d.  Figure 1 shows results of measured diameter 
reductions at fracture together with calculated results from large strain deforrrlatiorl plasticity calcula- 
tions wi th  the ABAQUS Finite Elerrlerlt code [8] that were also basis of the subsequent calculation of 
the Weibull stress. 

NUMERICAL ANALYSIS 
r ,  1 he Weibull stress at fracture, g", was calculated from the rr~easured diameter reduction at fracture 
and the respective stress field obtained by the Finite E,leIrlerlt stress analysis. gw is defined by 

where m is the so-called Weibull slope, L: is a reference volume introduced for dirrlerlsiorlal purposes 
only and set to ~ I I ~ I I ~ ' ,  Vp/ is the volume of the plastic aorle, and 01 is the first principal stress. 

The iterative procedure according to [3] as implerrlented in the WE,ISTRABA code [9] was applied to 
determine the parameters of ow, r~arrlely the VC'eibull modulus m and the characteristic value, u7'. A 
straightforward calculation leads to the values corltairled in Table 2, where m- arid g,,-values are given 
together with their 90% corlfiderlce intervals based OII the rrlaxirrlurrl likelihood estirrlates. Bias correction 
for m [3] was applied to account for finite sample size. 



Delta d at fracture and calculated F-Delta d curve for T=-l50 deg C 
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Figure 1: Calculated F - Ad-curves and experirrlerltal Ad at fracture. 

Two groups of results can be identified. The first group is characterized by moderate values ol m (see 
Weibull plot i n  Figure 2)) whereas in the second group, m attains high values of about 80-100. 

All  spccimerls were fractographically examined to reveal possible causes lor the dilferent behaviour 
within the observed two groups. 

For the first group, corresporldirlg to low temperature and srr~all notch radii, fractograplly showed pure 
cleavage fracture. Fracture origins could be easily detected as S ~ O W I I  in Figure 3. For the second group, 
which failed at considerably larger strains, a mixed trans- and irltergrarlular fracture appearance 'was 
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Figure 2: Results of Weibull stress calculation. 



Table 2: RESULTS FOR 0". 

m 90% ML-C1 90% ML-C1 
T = 1111111 

[1752.2, 1777.41 1764.6 [50.8, 124.31 78.8 7' = ~ I I I I I I  'T = -75°C 
[1927.9, 1954.71 1941.1 [69.2, 169.51 107.5 7' = l r r l r r l  
[1899.9, 1927.11 1913.2 [50.8, 124.51 78.9 T = ~ I I I I I ~  
[2019.3, 2199.71 2106.7 [7.5, 16.51 10.7 7' = 2111111 ' I '  = -150°C 
[1868.6, 2022.01 1943.0 [8.2, 16.61 11.6 

Figure 3 :  Fracture origin of T = 2111111 notched specirrlerl tested at T = -150°C. 

observed with indication of ductile damage at the interrrlediate temperature level of -75°C. l h i s  is 
shown in Figure 4, where irltercrystalline cracks can be identified in both cases arid ductile damage is 
prescrlt for T = -75°C. 

Additional tests or1 flat specimens were conducted at room temperature and showed that, with irlcreasirlg 
plastic deformation, rrlartensite laths tend to orient themselves in loading direction. This car1 he see11 
i n  Figure 5, where two regions are S ~ O W I I ,  one located at some distance from the notch, where plastic 
deforrr~ittion is negligible, the second region located in the vicinity of the notch. The diflerent orienta- 
tion of the carbide decorations indicating martensite laths is clearly visible. Change in orientation is 
cor~nected with shear stresses acting on carbide decorated rrlarterlsite laths so that fir~ally cracks rrlay be 
able to initiate. The origin of cracks as shown in Figure 4 is attributed to that kind of shear-controlled 
crack initiation rrlecharlisrn. 

STATISTICAL ANALYSIS USING THE BOOTSTRAP METHOD 

Fro111 the preceedirlg i t  is clear that statistical arlalysis alone carmot reveal features that characterize 



Figure 4: Fracture surface of r = 2rr11r1 notched specimen tested at T = -75°C (left) and of T = 5rnrrl 
rlotched specirrlerl tested at T = -150°C (right). 

the fracture behaviour of a rrlaterial i n  a complete Irlarmer. However, results can give information OIL 

various regions e.g. in temperature and geometry where different rrlecllarlisrns of damage prevail. I t  is 
therefore useful to have rrlethods at hard that allow to trace down inllomogerleities in data sets in order 
to give hints or1 planning of subsequent fractographic investigations. A second reason to apply advanced 
statistical rnethods as described below was the fact that the Weibull parameters of the Weibull stress are 
not statistically independent, a fact which is not taken into account by usually applied nletllods of cal- 
culating cor~fider~ce intervals. One specific data set ( r  = 21r11n  lotc cl led specirrlerls tested at T = -1SO'C) 
was selectcd to demonstrate the use of the so-called bootstrap method. This rnethod was already applied 
for data analysis within the ESIS TC8 Numerical R ~ U I I ~  Robin or1 h/licroIrlechanical Models [S]. 

Basic idea of bootstrapping 

Bootstrapping is a statistical inference method based on Monte Carlo simulation [ G ] .  Its basic idea is 
to use the empirical distribution of the experirrlerltally obtained data as sarnpling distribution for the 
generatiorl of a large number of so-called 6001slrup ~~$tcul ions ,  i.e. repeated calculations of the statistic 
of interest from the generated bootsprap samples. This is shown in the follo\viIlg scheme: 



F82Hmod bootstrap results at -1 50 deg C; B= 200, r=l  mm 
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Figure 6: Bootstrap cor~fidence intervals (CI) and 90% maximum likelihood CI. 

REAL WORLD BOOTSTRAP WORLD 
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A bootstrap estimate of the statistic of interest is obtained as follows: 

I .  perform random sampling, n times, wdh  replacerrlent, from sample x 
2. repeat this B times; generate B bootstrap samples x * l , .  . . ,x*' 
3. obtain B bootstrap replications of S ,  rlarrlely s(x* ' ) ,  . . . , s ( x f R )  
4. obtain a standard error Gboot for S .  

Cor~fidence intervals for S can be obtained by using either the standard error Ghoot .  for S (leading to stan- 
du7.d boots1rup cortfiderace irdervwls) or by using the empirical distribution of the bootstrap replications of 
S ,  s ( x * * ) ,  . . . , s(x*') (for pewerrt i le  confidence irjde7x~uls) as showr~ by the horizontal lines in Figure G for 
the T = lrrlrrl data at T = -150°C. A bias correction is possible and uses the value of .(x) = 8 obtained 
from the experirnental sample as indicated in Figure G (here: f i ~  = 11.6). The bias correction is necessary 
i f  the empirical CDF value of e deviates from 0.5 and is tkle reason for the fact, t M  tlle lower bounds 
of the percentile confidence intervals shown in Figure 6 do not coincide with the empirical currlulative 
distribution rurldiorl (CDF) values at the respective probability level but are sorrlewhat shifted to the left. 



F82Hmod Bootstrap results at -1 50 deg C; B= 200 
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Figure 7: Bootstrap sirnulation results for ( m ,  al l) .  

Analysis of homogeneity of data sets 

Figure 7 shows results of pairs of estimated h'eibull parameters m and all from B = 200 bootstrap 
replicatiorls using results of T = lrnrn as well as T = 2rnrn notched specimens at T = -150°C. A 
strong correlation bet\.yeen m and c r l L  is obvious for both cases. For the T = 21r11n notched specirrlens, 
data split into difierent groups. This can be taken as indication that the sample contains data which is 
statistically inhomogeneous, i.e. contains one or 111ore outliers. The h'eibull stress calculation results 
o f  the t w o  data sets are shown i n  Figure 2. The W'eibull stress at fracture of the last specirrlen of the 
2rnrrl sample is sorrlewhat large, but still well within the confidence bounds. Neverthelcss, results of the 
bootstrap simulations give rise to a closer examination of this specimen by fractography. I t  turns out 
that the fracture appearance has similar indications of a mixed trans- and intercrystalline fracture (see 
Figure S) as  i n  the second group. This behaviour could be attributed to a11 accidental preloadirlg of the 
specimen cornhined w i t h  irlsuficient waiting time until the test was conducted so that the temperature 



SUMMARY AND CONCLUSION 

Results of nurrlcxical and fractographic analysis of F82Hrnode cleavage lracture data were presented. 
Presence o l  martensite laths in the material led to the forrrlation of microcracks at large local plastic 
strains lendirlg to high values of the Weibull modulus rn both at higher terrlperatures and for large notch 
I .  1 ”  c ~ c  11  W ~ K W ~  I h( .  p1ast.ic. Z O I I ~  is not corlfirled LO the 11otc11 root. 

The: l)ootstrappir~g techrlique for obtaining corlliderlce intervals and additional possibilities for statistical 
inference was presented. Assessment of data homogeneity by using the bootstrap rnethod w a s  shown 
for a selected set o l  experimental data. 
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